Objectives-This study investigated the reproducibility of standardization of lungto-head ratio measurements in congenital diaphragmatic hernia (CDH) at our center among sonographers after we standardized the method.
C ongenital diaphragmatic hernia (CDH) is a severe congenital anomaly that affects approximately 1 per 3000 live births. Despite advances in prenatal and postnatal care, mortality rates are still high, ranging between 20% and 30%. [1] [2] [3] A developmental defect of the diaphragm allows abdominal viscera to herniate into the chest, resulting in pulmonary hypoplasia and pulmonary arterial hypertension. 4 Given the importance of early diagnosis, several tools have been developed to risk stratify CDH for conducting appropriate prenatal counseling and care. 5 The lung-to-head ratio assessed by ultrasound (US) is a consistent prognostic factor that has been established to predict the neonatal outcome. 6 Nevertheless, relying on US findings can be challenging, since different methods of measuring the lung-to-head ratio have been suggested. With that in mind, investigators proposed a standardization of lung-to-head ratio measurements to promote adequate reproducibility, to improve the accuracy in predicting outcomes, and to provide the best perinatal care based on the prenatal US measurements. [7] [8] [9] To achieve those goals, it is crucial to standardize lung-to-head ratio measurements and to evaluate the reproducibility among operators inside the same center. In this study, we standardized the lung-to-head ratio measurements among our sonographers based on a US protocol for fetuses with CDH, and we evaluated the reproducibility of standardization of lung-to-head ratio measurements at our center after that process.
Materials and Methods

Study Design
We reviewed 33 selected images and measured the lungto-head ratio using standardized methods in 12 fetuses with left-sided CDH at our institution between January 2010 and December 2016. All patients were followed at our service with frequent US scanning; none of them had undergone fetal surgery. Our Institutional Review Board approved the study (protocol 17-006425).
Ultrasound Evaluation
Nine operators (one maternal-fetal medicine specialist with experience in measuring the lung-to-head ratio and 8 sonographers), who were blinded to previous US findings, reviewed 33 selected images from comprehensive fetal sonograms and measured the lung-to-head ratio in the contralateral lung area according to a standardized protocol. The method for measuring the lung-to-head ratio was standardized before starting the measurements. 7, 8 The lung-to-head ratio was assessed by using different methods to obtain the lung areas: anteroposterior method, longest method, and area tracing. Then we compared the lung-to-head ratio measurements between each operator.
We standardized the lung area measurements according to the proposal of Jani et al 8 : (1) in an axial view at the level of the 4-chamber view of the fetal heart, lung measurements were obtained, with the lung contralateral to the diaphragmatic defect close to the transducer to avoid shadows produced by the ribs; (2) the image was frozen before final magnification to guarantee clear visibility of the landmarks, and the image was magnified so that the axial view of the fetal thorax occupied the whole screen; and (3) the calipers were placed according to the method being used to measure the lung area.
For each fetus, the lung area was estimated by the 3 different techniques and divided by the head circumference to calculate the lung-to-head ratio: by multiplying the 2 longest perpendicular diameters, by multiplying the anteroposterior diameter by the perpendicular diameter located at the midpoint, and by manually tracing the area around the lung. 7 
Perinatal Management
All neonates underwent tracheal intubation with ventilator support immediately after delivery and were transferred to the neonatal intensive care unit. The treatment protocol included extracorporeal membrane oxygenation when necessary and surgical CDH repair when hemodynamically stabilized.
Statistical Analysis
Interobserver variability among all reviewers was measured by 2 means: calculating intraclass correlation coefficients (ICCs) and a Bland-Altman analysis. General linear mixed models with a random effect were used for assessment of ICCs among all reviewers. The BlandAltman analysis was done by comparing the mean of all reviewers to the expert reviewer. All analyses were performed with SAS version 9.4 software (SAS Inc, Cary, NC).
Results
Fifteen patients were initially identified; however, 3 were excluded because of the lack of high-quality images. Therefore, 12 fetuses with isolated CDH were included in the study. A total of 33 US scans were reviewed, with a mean 6 SD of 2.75 6 1.16 (median, 3; range, 1-4) images per fetus. The mean gestational age at US examinations was 24.8 6 4.3 weeks (median, 23.6 weeks; range, 19.9-29.3 weeks). Demographics and characteristics of selected patients were mean gestational age at delivery of 38.3 6 1.3 weeks, fetal growth restriction present in 1 patient, and polyhydramnios in 9 patients. Vaginal delivery occurred in 9 patients (75%). Three neonates (35%) needed extracorporeal membrane oxygenation. Postnatal surgical repair of the diaphragmatic defect was performed in 8 (66%). Survival to discharge was 83.3% (n 5 11).
The best interoperator reproducibility was observed for the standardized anteroposterior lung-to-head ratio (ICC, 0.69) and the standardized lung-to-head ratio tracing (ICC, 0.65) compared to the longest lung-tohead ratio (ICC, 0.56). The standardized lung-to-head ratio tracing had the best agreement among sonographers and the physician (bias, 0.11; limits of agreement, 20.27 to 1 0.49) than the anteroposterior lung-to-head ratio (bias, 0.35; limits of agreement, 20.13 to 1 0.83) and the longest lung-to-head ratio (bias, 0.27; limits of agreement, 20.35 to 1 0.89).
Discussion
Main Findings
Our study demonstrates 2 important aspects. The first aspect is that it is possible to achieve good reproducibility of lung-to-head ratio measurements after standardization of the method. The second aspect is that the lungto-head ratio tracing method has high reproducibility among the operators and the best agreement between operators and an experienced physician.
Comparison With Existing Literature
Because morbidity of neonates with CDH is directly associated with pulmonary hypoplasia and pulmonary hypertension, many prognostic factors have been proposed to assess the severity of lung hypoplasia, including the lung-to-head ratio, 6,10-16 pulmonary vasculature assessment, [17] [18] [19] lung volumes, [20] [21] [22] and liver and stomach positions. [23] [24] [25] The lung area can be assessed by 3 methods
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: multiplication of the longest diameter of the lung by its widest perpendicular diameter, multiplication of the anteroposterior diameter of the lung by its perpendicular diameter, and manual tracing of the lungs.
Metkus et al 6 were the first to describe the lung-tohead ratio technique, in which the area of the right lung was measured in fetuses at or before 25 weeks' gestation with left-sided CDH. The right lung area was calculated by multiplication of the longest diameter of the lung by its widest perpendicular diameter, in the cross-sectional plane of the thorax where the 4-chamber image of the heart was visualized, and then divided by the head circumference. Further studies confirmed the lung-to-head ratio as a good predictor of neonatal outcomes in patients who have left-sided CDH. 10, 14 However, tracing of the lung area appears to be more reproducible than the proposed method of Metkus et al, 6 which overestimates the area of the lung by about 35%. 26 Our study replicated these findings: lung-to-head ratio tracing had high interoperator reproducibility and agreement among the operators at our center.
With fetal lung development during pregnancy, expected pulmonary volumes need to be adjusted according to the estimated fetal weight or gestational age. 27, 28 It was suggested that the lung-to-head ratio varies throughout gestation, so the observed-toexpected lung-to-head ratio was proposed to predict postnatal survival. [29] [30] [31] This method is independent of gestational age and applies to fetuses with left-or right-sided CDH, with or without intrathoracic herniation of the liver.
Since no model is completely accurate in predicting neonatal outcomes, effort should focus on standardization of current methods to optimize the technique. 8 With the improvement of prenatal and postnatal management of CDH, an accurate tool that risk stratifies the severity of the disease is crucial for providing appropriate counseling and possibly selecting cases that may benefit from fetal surgery. Different trials have determined candidacy for fetal interventions using the lung-to-head ratio as a criterion, with positive outcomes. [32] [33] [34] In a randomized controlled trial, Ruano et al 33 selected 20 fetuses with severe isolated CDH and a lung-to-head ratio of less than 1.0 for prenatal treatment with fetoscopic tracheal occlusion. In the intention-to-treat analysis, 50% of the neonates in the fetoscopic occlusion group survived compared to 4.8% of the controls (relative risk, 10.5 [95% confidence interval, 1.5-74.7]; P < .01).
Previous studies proposed that standardization of lung-to-head ratio measurements improves prediction of mortality. Britto et al 7 conducted a retrospective cohort study of 77 fetuses with isolated CDH, comparing lungto-head ratio measurements performed before and after establishing a similar standardized protocol. They demonstrated that standardized longest and observed-toexpected lung-to-head ratio measurements were statistically more accurate than the nonstandardized method for predicting mortality (P 5 .003; P 5 .024). Our study did not aim to investigate the effectiveness of standardized lung-to-head ratio measurements in predicting outcomes.
Strengths and Limitations
The strength of this study was that we tested a standardized method for measuring the lung-to-head ratio involving 9 operators: 1 maternal-fetal specialist and 8 sonographers who specialized in obstetric US as part of the prenatal US protocol at our institution. To our knowledge, no other studies have evaluated the reproducibility of this standardized protocol involving so many operators. This study was limited by the use of still images and not live examinations. However, the images selected were high quality and provided adequate information for obtaining the measurements. In addition, the small sample size did not allow an evaluation of the effectiveness of predicting postnatal outcomes after standardizing the lung-to-head ratio measurements. The small sample size also limited the evaluation of the impact of gestational age at the US examination on the reproducibility and agreement of the measurements. Although there are a limited number of cases with CDH seen in our institution per year, this study demonstrates that it is feasible to achieve good agreement and reproducibility of lung-to-head ratio measurements after standardizing the method even in centers with a low number of patients per year.
Conclusions
We demonstrated that the lung-to-head ratio tracing method has high interoperator reproducibility and the best agreement among the operators in our center. On the basis of our results, we standardized the lung-to-head ratio tracing method in our institution among the sonographers. Further multicenter studies are necessary to confirm our results.
